Objective: Hybrid Fc-fused rhGH (GX-H9) is a long-acting recombinant human growth hormone (GH) under clinical development for both adults and children with GH deficiency (GHD). We compared the safety, pharmacokinetics and pharmacodynamics of weekly and every other week (EOW) dosages of GX-H9 with those of daily GH administration in adult GHD (AGHD) patients. Design: This was a randomized, open-label, active-controlled and dose-escalation study conducted in 16 endocrinology centers in Europe and Korea. Methods: Forty-five AGHD patients with or without prior GH treatment were enrolled. Patients with prior GH treatments were required to have received the last GH administration at least 1 month prior to randomization. Subjects were sequentially assigned to treatment groups. Fifteen subjects were enrolled to each treatment group and randomly assigned to receive either GX-H9 or Genotropin (4:1 ratio). GX-H9 dosage regimens for Groups 1, 2 and 3 were 0.1 mg/kg weekly, 0.3 mg/kg EOW and 0.2 mg/kg EOW, respectively. All Genotropin-assigned subjects received 6 µg/kg Genotropin, regardless of treatment group. Main outcome analyses included measurements of serum insulinlike growth factor 1 (IGF-I), safety, pharmacokinetics, pharmacodynamics and immunogenicity. Results: Mean GX-H9 peak and total exposure increased with an increase in dose after a single-dose administration. The mean IGF-I response was sustained above baseline over the intended dose interval of 168 h for the weekly and 336 h for the EOW GX-H9 groups. Safety profiles and immunogenicity were not different across the treatment groups and with Genotropin. Conclusions: GX-H9 has the potential for up to twice-monthly administration.
Introduction
Adult growth hormone deficiency (AGHD) is a recognized clinical syndrome associated with numerous metabolic abnormalities, including abnormal body composition, reduced physical performance, altered lipid metabolism, decreased bone mass, increased insulin resistance and reduced quality of life (1, 2, 3) . Most metabolic abnormalities associated with AGHD can be reversed with recombinant human GH (rhGH) replacement (4) . Traditional GHD treatment includes the use of daily subcutaneous (sc) injections of rhGH. However, this schedule is too frequent to be convenient for many patients, raising concerns about poor adherence to treatment, which can lead to reduced efficacy (5) . Longacting rhGH preparations not only allow less frequent injections, but also improve compliance by reducing the inconvenience of daily injections and potentially contribute to improving the efficacy of GH treatment (6, 7, 8) .
GX-H9 is a novel extended long-acting rhGH fused to hybrid Fc (hyFc). The hyFc consists of human immunoglobulin D (IgD) and human immunoglobulin G4 (IgG4), and its fusion to hGH expands the size of GX-H9, which increases the half-life of GX-H9 by reducing renal clearance. IgG4 further increases the half-life of GX-H9 via neonatal Fc receptor-mediated endocytosis and recycling of the Fc-fusion protein (9, 10, 11) . Extension of the half-life was initially observed in non-clinical studies performed in rats (unpublished internal data) and was also proven in a Phase 1 study of healthy volunteers. GX-H9 was safe and well tolerated in healthy adults, and adverse event profiles were similar to those of daily GH treatments (unpublished internal data). GX-H9 is in the Phase 2 stage of clinical development based on currently available non-clinical and clinical study results, paving its way as a possible option for GH treatment that is more convenient with less frequent injections.
The purpose of this study was to assess serum insulinlike growth factor 1 (IGF-I), together with safety, tolerability, pharmacokinetics (PK) and pharmacodynamics (PD) of weekly and EOW dosages of extended long-acting antibody-fused rhGH (GX-H9) in the treatment of AGHD.
Subjects and methods

Subjects
Men and women (between the ages of 20 and 65 years) who were diagnosed with either adult-or childhood-onset GHD were enrolled in this study. Patients with prior GH treatments were required to have received the last GH administration at least 1 month prior to randomization.
Inclusion criteria were as follows: confirmed AGHD by 1 or more GH stimulation tests (peak GH less than 3.0 ng/ mL in insulin tolerance test or less than 4.0 ng/mL in GH releasing hormone (GHRH) combined with arginine stimulation test) (12) , stable hormone replacement therapies for other deficient hypothalamic-pituitary axes for at least 3 months before screening, an IGF-I standard deviation (s.d.) less than −1, BMI between 18.0 and 35.0 kg/ m 2 , negative result for anti-rhGH antibodies, agreement with appropriate contraceptive methods during the study and for 6 months after the last dose of study drug and a negative serum pregnancy test result.
Exclusion criteria were as follows: evidence of intracranial tumor growth within the last 12 months, hematologic diseases or malignancies, intracranial hypertension, glycated hemoglobin (HbA1c) equal or greater than 7.0%, impaired liver or kidney function indicated by aspartate transaminase/alanine transaminase >2 times the upper limit of normal (ULN) or serum creatinine >1.5 times the ULN, active acromegaly within 18 months or Cushing's syndrome within 12 months before screening, systemic corticosteroids other than replacement therapy within 3 months before screening and any medical condition that might pose a risk and confound the results.
Trial design and protocol
This study was conducted at 16 endocrinology centers in seven countries, including France, Serbia, Hungary and Slovakia (1 site in each country); Germany (2 sites); Poland (3 sites) and Republic of Korea (7 sites).
This was a Phase 1b/2, randomized, active-controlled, open-label, sequential dose group study designed to assess the safety, PK and PD of weekly and EOW dosages of GX-H9 in the treatment of AGHD. The study consisted of four periods, including a washout period (1 month; applicable only for previously daily GH-treated subjects), screening visit, treatment period (12 weeks) and follow-up visit (28 days after the last dose). The study was approved by the Institutional Review Boards of Ajou University Hospital, Severance Hospital, Gachon University Gil Medical Center, Samsung Medical Center, Chonnam National University Hwasun Hospital, Seoul National University Hospital, Asan Medical Center, CPP Before any study activity, written informed consent was obtained from the subjects. The study was performed in accordance with ethical principles having their origin in the Declaration of Helsinki (2013, 7th revision), the International Council for Harmonisation (ICH E6 (R1)) and all applicable regulations. The ClinicalTrials.gov identifier is NCT02946606 and EudraCT number is 2014-002698-13.
Subjects who met all the inclusion criteria and none of the exclusion criteria were enrolled in the study. Subjects were sequentially assigned to study treatments starting with Group 1. Fifteen subjects were assigned to each treatment group and were randomly assigned to receive either GX-H9 or Genotropin at a ratio of 4:1. Before proceeding to the next group, safety and IGF-I level data were reviewed by the safety monitoring committee (SMC) and the decision to proceed to the next group was only made if the previous lower dose was found to be safe and well tolerated.
After SMC review of data from Groups 1 and 2, the protocol was amended to change the Group 3 dosage regimen from 0.6 mg/kg EOW to 0.2 mg/kg EOW (Fig. 1 ).
The randomized subjects were hospitalized the day before the first and last administration of the study drug and remained hospitalized until 24 h after the study drug was administered (Week 1, Day 2 and Week 11/12, Day 2) for full PK and PD (i.e. IGF-I and IGF binding protein-3 (IGFBP-3)) sample collection. For other visits, PD samples were collected on Day 4 (72 h after dosing) to measure peak IGF-I levels.
Antibodies to rhGH were assessed for all subjects at the screening visit; antibodies to GX-H9 were only assessed in the GX-H9 group on Day 1 (before study drug dosing), Day 32 (Week 5) and at the follow-up visit. Laboratory safety evaluations were performed during Weeks 1, 3, 5, 9 and 11.
Safety, pharmacokinetics and pharmacodynamics
Safety assessments included vital signs, physical examinations, electrocardiogram, laboratory safety evaluation, immunogenicity of GX-H9, injection-site reactions and immunogenic responses. The laboratory safety evaluation included routine hematology and serum biochemistry, glucose and lipid parameters and hormonal (thyroid and adrenal) status assessments. Adrenal function was assessed at each study site. If the morning cortisol levels were above 14.5 μg/dL or peak cortisol was above 18 μg/dL during the insulin tolerance and adrenocorticotropic hormone (ACTH) stimulation tests, adrenal function was regarded as normal. Determinations of anti-hGH in human serum were performed and validated at the Universitätsklinikum Leipzig, ILM, Germany. The radio-precipitation assay (RPA) for determining anti-hGH antibodies was validated with a statistical-based approach according (13, 14) . Anti-GX-H9 antibodies were quantified using an enzyme-linked immunoassay (ELISA) method validated by Intertek Pharmaceutical Services (Manchester, UK). If binding antibodies were detected, neutralizing Table 2 Standardized IGF-I score and changes from baseline for peak point (72 h post dose) sampling (per-protocol set). Baseline is defined as the last non-missing measurement prior to dosing. Changes from baseline: post-baseline value -baseline value. For the changes from baseline, only subjects with a value at both the baseline visit and the specific post-baseline visit are included. antibodies were to be determined by a cell-based functional assay and substituting the hGH agonist in the assay with the GX-H9 analog, with measurements repeated after 3 months at the follow-up visit. PK analyses were performed at Intertek Pharmaceutical Services. The PK parameters were calculated using a noncompartmental approach with Phoenix WinNonlin version 6.4 (Certara USA, Inc., Princeton, NJ, USA). PD analyses of the serum, including IGF-I and IGFBP-3, were performed at Endocrine Research Laboratory (Munich, Germany) using an iSYS assay (15) . PD parameters were derived using a noncompartmental method and included the observed maximum serum concentration (C max ) and area under the serum concentration-time curve from time 0 to the last measurable concentration (AUC 0-t ).
Endpoints
The primary endpoint of this study was the change in serum IGF-I levels in relation to time and dose strengths compared to daily rhGH. Secondary efficacy endpoints included actual values and changes from baseline lipid parameters, waist/hip circumference and BMI at Week 12. PK, PD and safety parameters were considered as other secondary endpoints. 
Subject analysis sets
The analysis sets were defined according to the following parameters. (1) All screened set: included all subjects who signed an informed consent form and attended screening, regardless of randomization.
(2) Intent-totreat (ITT) set: included all subjects who received at least one dose of study drug in the treatment period. The ITT analysis set was used for demographic/baseline characteristics and efficacy endpoints. 
Statistical analysis
All analyses were conducted using SAS software (SAS Institute, Inc.) version 9.2. No formal statistical sample size calculations were made, attributable to the exploratory nature of this Phase 1b/2 study. The study size of 15 subjects per group was considered sufficient to assess the endpoints of the study. The primary efficacy analysis model was a mixed model for repeated measures (MMRM). The MMRM model analyzed the mean percent change from baseline (CFB) of standardized IGF-I at Weeks 1, 3, 5, 7, 9 and 11 (72 h after dosing), with baseline standardized IGF-I score, visit, treatment and treatment by visit interactions included in the model. An analysis of covariance (ANCOVA) model was used to assess differences in the secondary efficacy endpoints (lipid parameters, waist circumference, hip circumference, waist-to-hip ratio and BMI) at Week 11/12 among treatment groups. An ANCOVA model with treatment group as a fixed effect and log-transformed baseline value as a covariate was used to separately assess differences in AUC 0-t and C max of IGF-I and IGFBP-3 between the GX-H9 treatment groups and the active comparator (Genotropin) at the first and last dose. A two-sided 5% significance level was used for all statistical inferences.
Results
Patient disposition
A total of 45 GHD adult subjects were enrolled in the study. In the 0.1 mg/kg GX-H9 weekly treatment group, 1 (8.3%) subject discontinued prior to receiving any treatment, attributable to being ineligible for study participation and 11 (91.7%) subjects completed the study. In the 0.3 mg/kg GX-H9 EOW and 0.2 mg/kg GX-H9 EOW treatment groups, all subjects completed the study. Out of nine subjects assigned to the 6 µg/kg Genotropin daily treatment group, 2 (22.2%) subjects discontinued the study; one subject discontinued because of elevations in hepatic enzymes and the other because of the possibility of an abdominal malignancy that was found post dosing, but may have been present beforehand. The remaining 7 (77.8%) subjects completed the study ( Supplementary  Fig. 1 , see section on supplementary data given at the end of this article). Baseline characteristics were similar across (Table 1) .
Primary endpoint: change in IGF-I s.d. score from baseline
For the PP set, there were no statistically significant least squares (LS) mean differences in IGF-I s.d. score at Weeks 1, 3, 5, 7, 9 and 11 (72 h post dose) between the GX-H9 treatment groups and 6 µg/kg Genotropin treatment group (P > 0.05), except for the 0.3 mg/kg GX-H9 EOW vs 6 µg/kg Genotropin daily treatment groups at Week 1 (72 h post dose) (P = 0.023). Results of the ITT set were similar to those of the PP set ( Table 2 ).
Secondary efficacy endpoints: lipid parameters, waist/hip circumference and BMI
For the PP set, there were no statistically significant differences in LS means for lipids (high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), lipoprotein alpha, total cholesterol and triglycerides), waist circumference, hip circumference, waist-to-hip ratio and BMI at Week 12 between the GX-H9 treatment groups and 6 µg/kg Genotropin treatment group (P > 0.05) (Supplementary Table 1 ). Results of the ITT set were similar to those of the PP set.
Safety
A summary of adverse events (AEs) is provided in Supplementary Table 2 . Overall, 45.5, 75.0, 50.0 and 77.8% of subjects experienced a total of 12, 20, 10 and 8 treatment-emergent adverse events (TEAEs) in the 0.1 mg/kg GX-H9 weekly, 0.3 mg/kg GX-H9 EOW, 0.2 mg/ kg GX-H9 EOW and 6 µg/kg Genotropin daily treatment groups respectively. TEAEs reported by >1 subject in any treatment group included headache, nasopharyngitis and increased blood creatinine phosphokinase. There was one TEAE (elevated hepatic enzymes) that led to treatment discontinuation in the Genotropin group. None of the subjects experienced severe TEAEs. Finally, no treatment-emergent antidrug antibodies (ADA) were detected during the study. Overall, the incidence and profile of AEs observed in the GX-H9 groups were comparable to those in patients receiving daily rhGH (Genotropin).
Pharmacokinetics
After administration of a single SC dose of GX-H9 in Week 1, a dose-dependent increase in mean peak GX-H9 and total exposure (C max and AUC) was observed. However, when comparing GX-H9 concentrations at Week 1 with those at Week 11/12, little accumulation was observed (Fig. 2) . Concentrations were much higher for the 0.3 mg/kg EOW dosage than for the other treatments. GX-H9 reached mean peak plasma levels across treatment groups in approximately 24 h during Week 1 and Week 11/12 (Table 3 ). Furthermore, total exposure (AUC 0-t ) of GX-H9 in subjects treated with 0.3 mg/kg EOW was approximately four-fold higher than that in subjects treated with 0.1 mg/kg every week, and an increase in exposure that was more than proportional to the increased dose was observed at the end of the 3-month dosing period. However, the small sample size per group limited estimates of accurate correlations that may have existed among demographic characteristics and GX-H9 PK parameters.
Pharmacodynamics: IGF-I and IGFBP-3 kinetics
IGF-I levels increased significantly following administration of 0.1 mg/kg GX-H9 weekly, 0.3 mg/kg and 0.2 mg/kg GX-H9 EOW and 6 µg/kg Genotropin daily SC, with the highest mean levels achieved approximately 48-72 h after dosing (Fig. 3) . The mean IGF-I response was sustained above baseline over the intended dose interval of 168 h for the 0.1 mg/kg GX-H9 weekly dosage group and 336 h for the 0.2 and 0.3 mg/kg GX-H9 EOW dosage groups. IGF-I levels 72 h after dosing were relatively constant on the weeks sampled throughout the 12-week dosing period for all treatment groups (Table 4 ). Similar changes were also observed for IGFBP-3.
Discussion
GX-H9 is a novel, extended, long-acting rhGH fused to hyFc intended to reduce the frequency of administration, thereby enhancing treatment compliance while providing efficacy comparable to that of commercially available daily rhGH treatments. In this study, the authors present results of a Phase 1b/2 randomized study in AGHD patients.
In the previous first-in-human, double-blind, randomized, placebo-controlled, single ascending dose study of GX-H9 in healthy subjects (Phase 1, EudraCT No. 2013-002771-18), safety and tolerability, as well as PK and PD profiles were investigated. In a group consisting of 31 healthy male participants who completed the study, single SC doses of GX-H9 ranging from 0.2 to 1.6 mg/kg were safe and well tolerated (GX-H9-001 clinical study report, unpublished data). Because there were dose-dependent correlations between PK and PD profiles from the Phase 1 study even at lower doses and AGHD patients were relatively sensitive to GH replacement in other clinical studies (6, 16) , we decided to begin administration of GX-H9 at 0.1 mg/kg weekly for this Phase 1b/2 study and then escalate the dosage to 0.3 mg/kg EOW, 0.3 mg/ kg weekly and then 0.6 mg/kg EOW. However, after gathering PK, PD and safety data from the 0.1 mg/kg weekly and 0.3 mg/kg EOW GX-H9 groups, the sponsor and members of the SMC agreed to use 0.2 mg/kg EOW for Group 3 rather than proceed with the planned dosage regimen of 0.3 mg/kg weekly and then 0.6 mg/kg EOW because significant increments in IGF-I were observed in the 0.3 mg/kg EOW GX-H9 group.
Serum IGF-I levels are a valid surrogate marker for rhGH activity (12) . In this study, changes in IGF-I levels post dosing were set as the primary endpoint. IGF-I levels were normalized, and the IGF-I s.d. score reached the target range (−2 SDS to +2 SDS) in all treatment groups. There were no statistically significant LS mean differences in IGF-I s.d. scores at Weeks 1, 3, 5, 7, 9 and 11 (72 h post dose) between the GX-H9 treatment groups and the 6 µg/ kg Genotropin treatment group. Furthermore, mean IGF-I SDS values did not exceed the physiological range (−2 SDS to +2 SDS) for most of the study, except for transient increments during several hours after drug administration. Unlike daily injections, a larger volume of a long-acting agent should be injected at one time. Thus, transient elevations in IGF-I for several hours after administration are observed for other long-acting therapeutics (17) . The trending increase in IGF-I SDS levels was comparable for both GX-H9 and Genotropin after treatment for 12 weeks; these results are similar to those of other studies (6, 7, 18, 19) . Mean fasting morning glucose levels remained within the normal range for the 12 weeks of treatment; no hypoglycemia was observed. Glucose impairment was not aggravated in any of the treatment groups. In general, there were no clinically meaningful CFBs or apparent differences in glucose parameters across treatment groups.
There was a single event of lipohypertrophy in the 0.2 mg/kg GX-H9 EOW group, which has also been reported in GHD patients receiving other weekly GH replacement (20, 21) ; this event was thought to be caused by an inappropriate injection-site rotation, and the patient recovered within a week during the continuous GX-H9 injections. Overall, the clinical and laboratory results showed no clinically relevant or significant findings. Furthermore, no patients developed treatment-emergent anti-GX-H9 antibodies.
There are several limitations to this study. First, all participants of the 0.1 mg/kg GX-H9 weekly group consisted of Asian subjects because only patients within the Korean institutes were enrolled. However, there were no racial differences in the other treatment groups, including the 0.3 and 0.2 mg/kg EOW and Genotropin daily injection groups. Second, there were no significant changes in metabolic parameters, including lipid profiles, BMI and waist-to-hip ratio after 12 weeks of GX-H9 or Genotropin treatment. The relatively short duration of rhGH replacement could explain this result. Three months have been shown to be adequate to evaluate the Clinical Study C R Ku and others Phase 1b/2 study of GX-H9 in adult GHD www.eje-online.org efficacy of rhGH therapeutics in GHD patients based on changes in IGF-I or IGFBP-3 (12); however, most clinical studies demonstrate the positive effects of rhGH on metabolic parameters after a minimum of 6 months of treatment (22, 23) . Finally, the study group was too small to generalize the efficacy and safety of GX-H9, attributable to the limitations of a Phase 2 clinical study. However, a Phase 3 study is planned with a longer treatment period and more patients to establish the clinical outcomes of GX-H9. In this study, GX-H9 was safe and well tolerated without significant safety concern, warranting further clinical development in patients with AGHD. The safety profile observed in this study was similar to the profile observed in other studies (24, 25) . GX-H9 effectively increased IGF-I levels, and the IGF-I s.d. score reached its target range in all treatment groups. There were no significant LS mean differences in IGF-I s.d. score between the GX-H9 once weekly or EOW and Genotropin daily groups. Furthermore, an increase in total exposure (AUC 0-t ) of GX-H9 that was disproportional to the increase in dose was observed at the end of the 3-month dosing period. Overall, the present study shows that GX-H9 has the potential for up to twicemonthly treatment in AGHD patients.
